Abstract-Small size at birth is associated with exaggerated blood pressure responses to psychological stressors, which increase the risk of developing sustained hypertension in adult life. Explanatory mechanisms for this association are not well characterized. We investigated the hypothesis that an adverse fetal environment, reflected by small size at birth, persistently alters autonomic nervous system and baroreflex control of cardiovascular function, resulting in exaggerated blood pressure and heart rate responses to stressors. Men and women from an Australian prospective cohort study underwent a series of 3 psychological stressors (Stroop, mirror-tracing, and speech) while their blood pressure was recorded continuously using a Portapres. Indices of autonomic function were derived using spectrum analysis (wavelet packet transform), and baroreflex function was estimated using an adaptive autoregressive model. We found that women who were small at birth demonstrated increased levels of low-frequency blood pressure variability at rest (rϭϪ0.28; PϽ0.05) and during stress (rϭϪ0.42; PϽ0.001), reduced levels of high-frequency heart period variability (rϭ0.22; PϽ0.05), and reduced baroreflex sensitivity (rϭ0.34; PϽ0.01). These findings were not present in the men. This study provides evidence that markers of impaired fetal growth are related to autonomic cardiovascular control involving modulation of both sympathetic and parasympathetic function but in a sex-specific manner. We also provide the first human evidence of a relationship between size at birth and baroreflex function. here is now substantial epidemiological evidence that small size at birth is associated with a greater prevalence of hypertension 1 and related conditions including coronary artery disease. 2 Animal 3 and preliminary human 4 studies suggest that individuals who were small at birth have an enhanced biological response to stress. There is evidence that increased blood pressure responses to psychological stress may predict subsequent hypertension 5 and coronary artery disease. 6 Notwithstanding the failure of earlier studies 7 to show similar associations and the suggestion that factors such as race, 8 age, sex, 9 and type of stressor 5 might have important moderating roles, these findings point toward a potential coherent explanation for the association between fetal growth and the development of heart disease.
T
here is now substantial epidemiological evidence that small size at birth is associated with a greater prevalence of hypertension 1 and related conditions including coronary artery disease. 2 Animal 3 and preliminary human 4 studies suggest that individuals who were small at birth have an enhanced biological response to stress. There is evidence that increased blood pressure responses to psychological stress may predict subsequent hypertension 5 and coronary artery disease. 6 Notwithstanding the failure of earlier studies 7 to show similar associations and the suggestion that factors such as race, 8 age, sex, 9 and type of stressor 5 might have important moderating roles, these findings point toward a potential coherent explanation for the association between fetal growth and the development of heart disease.
In 1997, an association was described 10 between size at birth and resting pulse rate, a crude index related to sympathetic activity. Subsequent studies have reported associations between size at birth and more specific measures of sympathetic function. In a study 11 of 114 adolescent twin pairs, pre-ejection period shortening (a marker of cardiac sympathetic stimulation) accounted for 63% to 83% of the association between birth weight and blood pressure. Recently, we 4 demonstrated that low birth weight is associated with enhanced blood pressure and heart rate (HR) responses to psychological stressors. However, the associations were sex specific, being confined to women and not observed in men. A strikingly similar sex specificity was found in a more recent study from the Netherlands using the same psychological stressors. 12 In contrast, direct recordings of muscle sympathetic nerve activity in 2 studies seem to be contradictory, providing evidence of both positive 13 and negative 14 associations between muscle sympathetic nerve activity and birth weight in men and women. However, both studies were small, and neither group reports their results separately by sex.
Although human studies are often limited to general indicators of prenatal adversity, such as size of the offspring at birth, animal studies implicate a number of processes that may account for the findings in human studies. Manipulations of the maternal environment, such as exposure to stress, 15 reduced environmental temperature, 16 or low-protein diet, 17 and the fetal environment, such as hypoxia 18 or surgical induction of placental insufficiency, 19 produce evidence of increased sympathetic nervous system (SNS) function at rest and during stress and alterations in target organ innervation in the adult offspring. However, the picture of associations between prenatal insults and later SNS function emerging from animal studies, as with the human studies, is not without its apparent contradictions, 20 which may be accounted for by variations in the species or sex of the animals, 21 type, timing or duration of insult, or methodologic approach used. Thus, further clinical studies that account for factors such as the sex of subjects are required to establish the impact that programming of SNS function might have on human health.
In this study, we used spectral analysis to derive indices of sympathetic and parasympathetic HR and blood pressure control in a large group of men and women. The actions of these limbs of the autonomic nervous system on the heart and vasculature are partially separable in the frequency domain, with distinct low-and high-frequency bands associated with HR and blood pressure variability. 22 Estimates of spectral power in these bands yield indices relating to autonomic cardiovascular control. We assessed baroreflex function using a model that quantifies the strength with which spontaneous variations in blood pressure influence subsequent variations in HR. 23 
Methods
For this study, 103 men and 76 women with a mean age of 26.3 (SD: 0.4) years, drawn from a larger cohort of adults, as described previously, 4 underwent a set of 3 psychological stress tasks engaging the subjects in different cognitive challenges. They were born between June 1975 and July 1976 at the Queen Victoria Hospital in Adelaide, Australia, and established in 1984 as part of a World Health Organization collaborative study of ischemic heart disease risk factors in families. 24 Information available from birth records includes birth weight, birth length, head circumference, and gestational age. An index of relative socioeconomic disadvantage at birth was derived from parents' postcode, 25 and information about health, socioeconomic status, smoking and alcohol consumption, and mood (Centre for Epidemiologic Studies Depression Scale) was determined for each subject as described previously. 4 Exclusion criteria were pituitary or adrenal disease, diabetes, a recent history of depression or glucocorticoid use (last 3 months for both), pregnancy, or lactation. The study was approved by the research ethics committee, and each subject gave written informed consent. The subjects were asked to abstain from alcohol, tobacco, caffeine, and vigorous exercise for 2 hours before arrival and were studied in the afternoon. Their resting blood pressure was measured in the dominant arm (to avoid interruption of the Portapres trace) using an automated oscillometric device (DINAMAP PRO 100, Critikon Healthcare) after being seated for 20 minutes. A mean of 3 readings was taken.
Stress Protocol
The subjects were seated comfortably behind a desk and were accompanied by the investigator throughout the study. Continuous beat-to-beat monitoring of finger blood pressure and pulse was performed using a Portapres (Finapres Medical Systems). Appropriately sized cuffs were used on the third or fourth finger of the nondominant hand. After an initial 20-minute rest period, the subjects undertook 3 standard psychological stress tests, each lasting 5 minutes. The first was a color-word conflict task (the Stroop test) in which the subjects had to match colors and words presented on a computer screen. This was followed by a 6-minute recovery period. Next, the subjects were asked to carry out a mirror-tracing task in which a stylus was used to draw the outline of a star that could only be seen in mirror image. Each time the stylus came off the star, a mistake was registered and the apparatus (Lafayette Instruments Corp) beeped. The subjects were asked to give priority to accuracy over speed, and performance was recorded for both of these tasks. After a further 6-minute recovery period, the subjects undertook a speech task. They were faced with the hypothetical confrontational scenario of being unjustly accused of shoplifting by a store detective and having to defend themselves to the store manager and police. Participants were videotaped and told that their performance would be judged for competence and fluency by observers who were initially obscured by a 1-way mirror. Saliva samples for the measurement of cortisol were obtained at rest, 6 minutes after completion of the Stroop and mirror tasks, and 10 minutes after the speech task. Cortisol concentrations were measured using a time-resolved immunofluorescent assay. 26 
Data Processing
Data from the Portapres was interpreted using Beatscope 1.0 (Finapres Medical Systems), which outputs beat arrival times by determining the onset of the pulse waveform and the systolic arterial pressure (SAP) values for each beat. The heart period (HP) was determined as the time difference between consecutive beat arrival times for which the manufacturer reports an accuracy of 10 ms (nonaccumulating). The servo adjust mode (Physiocal) was switched off during the key measurement periods. The data processing used to derive indices of autonomic function is detailed in a data supplement available online at http://hyper.ahajournals.org.
Statistical Analysis
For all of the parameters, mean values for the 5-minute rest and stress task periods were obtained. Stress-induced increments in parameters were calculated with respect to the first rest period. Normalization of HP variability was carried out by dividing the low-frequency (LF) or high-frequency (HF) component by the sum of these components. Parameters with a skewed distribution were log transformed before parametric testing. Results in Table 1 are expressed as geometric means and geometric SDs. Body mass index, 27 menstrual cycle phase, 28 investigator, 4 and resting HR 29 are associated with cardiovascular responses to stress. Therefore, we adjusted for these potential confounders using multiple linear regression. As subjects were challenged with multiple stressors, analysis was carried out using a repeated-measures approach (generalized least squares random effects linear regression). This gives an improved estimate, for example, of the relationship between size at birth and overall stress response to the 3 tasks by accounting for differences between the tasks as a cofactor in the model. We transformed parameters to their z score, providing normalized regression coefficients analogous to correlation coefficients. Table 1 shows SAP, HR, and derived parameters at rest and during the stress tasks. The mean finger arterial pressure measures were 122.4 mm Hg (SD: 14.7 mm Hg) in men and 122.9 mm Hg (SD: 15.2 mm Hg) in women, which, as expected, were significantly higher than pressures measured by brachial artery oscillometry (men: 118 mm Hg; SD: 10.8 mm Hg; women: 106 mm Hg; SD: 10.3 mm Hg). Both sexes show marked increases of SAP and HR during stress compared with rest. LF variability of both HP (LF-HP) and SAP (LF-SAP), indicators of sympathetic activation declined during the Stroop and mirror tasks but rose above resting levels during the speech task. HF-HP variability (HF-HP), an indicator of parasympathetic activation, declined with respect to rest across all of the tasks. The ratio between LF-HP and HF-HP is often used as an indicator of sympathovagal balance with higher values representing a shift toward sympathetic activation. Both sexes showed a significant shift toward sympathetic activation during the speech task with respect to rest, but men (Table 1a) also showed a significant shift in the opposite direction during the mirror task. The use of normalized values for HF-HP and LF-HP (NHF-HP and NLF-HP) gave similar results. In both sexes, baroreflex sensitivity (␣) was significantly lower during the 3 stress tasks than at rest, representing diminished baroreflex cardiovascular control as HR and blood pressure increased. Table 1 also shows the salivary cortisol concentrations during the stress tasks. In both sexes, cortisol concentrations fell after the Stroop and mirror tasks and rose in men, but not women, after the speech task.
Results
There were no significant relationships between birth weight and the cardiovascular parameters in men (Table 2) . However, in women (Table 2) , low birth weight was associated with greater SAP during the stress tasks and greater stress-induced increases in SAP and HR with respect to resting levels. Both sympathetic activation, indicated by LF-SAP and the ratio between LF-HP and HF-HP, and parasympathetic withdrawal, indicated by HF-HP, were greater in low birth weight women. Similar relationships were observed using normalized values (data not shown). Furthermore, low birth weight women demonstrated reduced baroreflex sensitivity (␣) during the Stroop and speech tasks. Because evidence for increased sympathetic activation was also present at rest in the low birth weight women, this may represent an underlying characteristic that explains their exaggerated HR and blood pressure responses. The 3 key findings of increased sympathetic activation (LF-SAP), greater parasympathetic withdrawal (HF-HP), and decreased baroreflex control (␣) in the low birth weight women are illustrated in the Figure, together with comparative data from the men. There were no relationships between the cortisol measurements and birth weight during any of the tasks.
Of 76 women in the study, 68 had provided adequate information to calculate the phase of their menstrual cycle based on the date of their last menstrual period and their cycle length. Thirty-seven women were in the follicular phase, and 31 were in the luteal phase. Further analysis of the data showed that statistically significant relationships between birth weight and all of the cardiovascular parameters were confined to women in the luteal phase of their menstrual cycle. In subgroup analysis, this finding remained significant regardless of hormonal contraception use. However, formal testing of the interaction between birth weight and menstrual phase showed that this reached statistical significance (Pϭ 0.04) for blood pressure but not for the other variables.
To elucidate the pattern of fetal growth that predicts these cardiovascular responses in women, we examined the associations between other neonatal measurements and cardiovascular function during stress. Table 3 shows relationships between size at birth and estimates of the combined effect of the 3 stress tasks on cardiovascular parameters. These were calculated using a repeated-measures approach. Gestational age was not found to be a significant predictor of cardiovascular outcomes. The effects of low birth weight were paralleled by short body length and small head circumference. In further multiple regression analysis, we allowed for the confounding factors previously adjusted for in Table 2 (body mass index, investigator, phase of menstrual cycle, and resting HR) together with other potential confounding factors (smoking status, oral contraceptive pill use, index of relative socioeconomic disadvantage, Centre for Epidemiologic Studies depression score, and educational achievement). The findings presented in Table 3 
Discussion
In this study, we have shown that the associations between small size at birth and increased HR and SAP responses to psychological stressors in women may have their origins in autonomic cardiovascular control and baroreflex function. The major findings (Figure) were that those with low birth weight showed increased indicators of sympathetic activation particularly during stress (as evidenced by LF-SAP in Tables  2 and 3) , reduced parasympathetic activity (reduced HF-HP), and reduced baroreflex sensitivity (␣). These findings were strongly statistically significant and in multiple regression analysis were independent of potential confounders, such as obesity, smoking, socioeconomic status, and depression. The similar associations found with other measures of neonatal size and the absence of significant relationships with gestational age suggest that these associations are because of growth restriction rather than prematurity. In contrast, no significant relationships between size at birth and these cardiovascular parameters were found in the men (Table 2) . These findings add to the previously published human evidence showing that indices of sympathetic function, including resting pulse rate 10 and pre-ejection period, 11 are associated with fetal growth. That these associations only become apparent during psychological stress tasks may explain the reported discrepancies in the literature, particularly with respect to the studies of muscle sympathetic nerve activity, which were carried out either at rest 14 or during pharmacological stimulation. 13 The human data are also supported by evidence from animal studies showing that, in models of placental restriction in sheep 30 and rats, 21 the developing SNS is modified such that the adult animals display different SNS function during stress.
Both men and women showed significant increases of HR and SAP in response to the stressors that we used (Table 1) . However, as we have noted previously, 4 responses were greater in men than women. A striking finding in our data was that women showed strong relationships between size at birth and both blood pressure and the underlying autonomic or baroreflex parameters, which were not observed at all in men (Table 2 ). An identical sex difference was reported in a recent study in the Netherlands, which seems to confirm our findings. 12 This sex difference is also a feature of many of the animal studies. For example, in the study of placental restriction in rats, 21 the association between birth weight and SNS function was limited to females, supporting the sex differences found in our study.
These differences are likely to reflect the different hormonal milieu of men and women. There is substantial evidence of a sex difference in autonomic cardiovascular control mechanisms in both animals 31 and in humans. [32] [33] [34] In healthy individuals, the evidence is consistent with a lower sympathoadrenal response to stressors in women than in men, probably as a result of estrogens. 35 Our previous analysis of the blood pressure data from the present study suggested that low birth weight had abrogated the sex differences in the response to stress. 4 This suggested that early growth restriction might impair the protective mechanisms that exist in women because of their higher levels of circulating estrogens. Because there is no clear evidence that early growth restriction is associated with lower circulating estrogen concentrations, this could represent a reduction in the tissue response to estrogens. This is governed by the nuclear receptors estrogen receptor-␣ and estrogen receptor-␤, the latter in many instances inhibiting gene transcription. The distribution of these receptors differs widely in various tissues, especially within the brain, 36 and could alter central regulation of blood pressure. Our finding that the association between birth weight and cardiovascular control in the women was confined to the luteal phase of the menstrual cycle is also highly suggestive of the involvement of gonadal steroids. Several studies 37 suggest that hormonal responses to stressors are increased in the luteal as compared with the follicular phase. It is, therefore, of great interest that some recent animal studies 38 also show that menstrual phase influences the effects of early growth restriction on hormonal responses to stressors.
A novel finding in our study was that measures of birth size were associated with altered cardiac baroreflex sensitivity in women. Although this is the first evidence of such a relationship in humans, it is supported by a recent study of sheep. 39 In addition, peripheral sympathetic baroreflex sensitivity has been evaluated in humans by measuring the muscle sympathetic nerve activity response to infused nitroprusside, and although no direct birth weight effect was observed, the low Key cardiovascular parameters in women (Nϭ68; top) and men (Nϭ103; bottom) during the Stroop task in relation to birth weight. To allow for the skewed nature of the variables plotted on the vertical axes, a logarithmic scale was used. Regression lines, r 2 , and P values are given.
Jones et al Size at Birth and Autonomic Function
and normal birth weight groups had markedly different relationships between cortisol concentrations and sympathetic activity. 40 Evidence is now emerging that the baroreflex may play a vital role in the long-term regulation of autonomic cardiovascular control. 41 Lifelong effects on baroreflex function resulting from fetal growth restriction might explain some of the associations found between size at birth and adult SNS and parasympathetic nervous system function. In the present study, cortisol concentrations declined after the Stroop and mirror tasks (Table 1) , which accords with recent observations that these tasks do not reliably stimulate the hypothalamic-pituitary-adrenal axis (HPAA). 42 The fall between the rest period and the first stress task may represent habituation to the hospital environment where the study was carried out. In men, but not women, cortisol concentrations increased after the speech task. Again, this is in agreement with published data that HPAA responses to a speech task tend to be more robust in men than women. 43 However, although a recent meta-analysis of psychological stressors would predict that, of the 3 stressors used in the present study, the speech task might be the best stimulus for HPAA responses, it also suggests that other stressors that combine public speaking and cognitive tasks in an environment of uncontrollability and social-evaluative threat are better at this. 42 Thus, the absence of correlations with birth weight may result from unreliable stimulation of the HPAA. The data in Tables 2 and 3 suggest that HPAA changes during the course of the study are not responsible for the autonomic effects that we have observed. However, we cannot exclude the influence of subtle alterations in the HPAA occurring before the study.
The men and women who took part in this study were a random sample of healthy individuals recruited from an established cohort. The sample was stratified to ensure that a representative group was studied. Consensus statements on the derivation of HR variability have suggested that the interval between adjacent R waves on the ECG be used, 22 whereas we have used the interval between adjacent blood pressure pulse foot onsets. Recently, however, the largest published comparison between these methods has shown a very high level of agreement between them. 44 Furthermore, the indices of cardiovascular function (Table 1) are consistent with reported values in previous studies of men and women in this age group. 45 Although both the Stroop and mirror tasks are recognized stimulators of sympathoadrenal function, an unexpected finding was that LF variability of both HP (LF-HP) and SAP (LF-SAP), both indicators of sympathetic function, declined during these tasks. A similar phenomenon has been observed by previous investigators using similar psychological stressors. 46 They report a reduction of both LF and HF powers during such stressors and suggest that this indicates a reduction of baroreflex control during stress. However, LF power is affected by both parasympathetic and sympathetic activity. Therefore, greater reductions of parasympathetic tone, combined with relatively modest increases of sympathetic tone during milder mental stressors may explain both their and our findings. In contrast, the more stressful speech task in our study, which caused greater blood pressure and HR responses, may have stimulated a more dominant response of the SNS and an overall increase in LF power. Support for this comes from growing evidence that disparate psychological stressors may produce blood pressure responses through distinct but stereotypical mechanisms. For example, cognitive tasks similar to the Stroop and mirror tasks appear generally to stimulate a blood pressure response by increasing cardiac output. 47 In contrast, speech stressors may produce the response by increasing systemic vascular resistance, whereas cardiac output may actually fall (a hemodynamic response similar to that typically produced by the cold pressor test). 48 However, these observations are not universal and may be modified by the age, sex, and race of individuals.
It has also been suggested that tasks that involve speech may produce respiratory frequencies outside the HF band. 49 Although this might have an impact on assessment of the difference between measures taken at rest and those during stress, we have reported consistent associations between size at birth and measures of autonomic function within each task, which, if anything, might be weakened by the effect of speech. Finally, some care should be taken in drawing a comparison between the values for LF and HF power in our study with those of other studies. The wavelet packet transform technique that we used (for more detail, see the data supplement available online at http://hyper.ahajournals.org) separates these 2 bands at 0.18 Hz rather than the more typical 0.15 Hz leading to potential differences in the quantification of power in these bands. However, we found that the higher cutoff still fell close to the minimum power between the 2 spectral peaks and, therefore, was unlikely to have a significant impact on estimates of power in the 2 bands.
Perspectives
This study shows strong relationships between impaired fetal growth and autonomic cardiovascular control, which are restricted to women. There is evidence of modulation of sympathetic, parasympathetic, and baroreflex function (Figure) . Because these findings seem to be affected by the menstrual cycle, it is likely that interactions between fetal growth and adult gonadal hormone secretion mediate these effects. Our findings are the first to demonstrate developmental programming of baroreflex function in humans and to show that this programming may be sex dependent, raising the exciting possibility of sex-specific pathways from prenatal adversity to later hypertension and disease. In the light of a recently published study showing associations between size at birth and an enhanced adrenocortical stress response in boys but not girls, 50 the limited available data suggest that women and girls who were small at birth have greater sympathoadrenal activity than their higher birth weight peers, whereas men and boys who were small at birth have an enhanced adrenocortical response to stress, although this needs confirmation. 51 
